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I. Introduction

Subsequent to the work completed several months ago on solar Brayton/
Rankine power systems with thermal energy storage [1,2], some follow-up work
was conducted. This was aimed at determining the requirements for a lab
scale test of one heat storage/heating tube for the Brayton system.

In the course of this investigation a wider range of sources than origi-
nally used were consulted on the question of containability of the postulated
molten silicon heat storage material in silicon carbide. The consensus
of opinion was that such containment was not possible, that, indeed, the
containment of molten silicon for the time required by the power system was
unacheivable with any known material. An experiment conducted several years
ago at a General Electric research facility had shown that the survival
time of silicon carbide holding molten silicon was on the order of days.[3]

With this development we returned to our earlier compilation of
heat-of-fusion versus melting temperature to investigate altermative heat
storage materials. As a result, MgF,, with a melting temperature of
1536°K and heat of fusion about half that of silicon, was chosen as the best
alternative. Beryllium has a higher heat-of-fusion (at about the same
melting temperature) as MgF,, but was judged to present too many problems
of toxicity for the experimentation being considered.

The elimination of silicon as a heat storage material also led to the
reevaluation of the basic power system design. It was realized that with
the use of the benign He/Xe gas, there was no reason to limit the peak gas
temperature during solar influx to that of the MgF, storage material -

or even that of the silicon if it had been containable. With the use of



3]

carbon/carbon composites for the turbines, peak temperaturesto 1900°K
and above should be useable.

It was decided to evaluate the possibility of a two-temperature power
system. During shadow periods, the peak gas temperature would be limited
by the melting temperature of the heat storage material. When out of
shadow, the solar influx would directly heat the gas in an extra length of
tubing beyond that containing the heat storage substance. One could design
this system with a constant generator power output through each orbit or
with a lowered output during shadow. 1In the latter case the deficit between
sun and shadow outputs could be partially or fully made up by using

batteries.

II. Theoretical Formulation

Thermodynamic

The thermodynamic analysis is identical for both the solar-influx and
shadow periods. For the Brayton cycle with regeneration depicted in

figure 1 we have the relations

Y-1
- 1 Y
T, = 1-n+ [1 - (Tr - y T (1)
¥-1 s
ﬂc Yo 1
T =1+ )
C T']c

where Tt and Tc are turbine and compressor temperature ratios respectively
and nt and nc are efficiencies for the same. The quantity WC is the compressor
pressure ratio while T is a factor representing pressure losses between

equipment components of the system.
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Figure 1: Brayton Cycle with Regeneration



Following the notation of figure 1, we may state

T, = TSTt (3

1
T7 + (E: - 1)1 - El)Tu
T, = )

where El and €, are the effectivenesses of the regenerator and of the
radiator heat exchanger respectively. The latter expression depends upon

the assumption that
me_ = m_c (4a)

where the left side quantities refer to the working gas and those on the
right refer to the radiator fluid.
The remaining temperatures and the thermodynamic efficiency in the

system (assuming that T, and T, are specified) can be expressed as

T1 = TCTO (5)
T, =T, +e(T -T) (6)
Ty =T, - €,(T, = T)) )]
Tg =T, + T, =T (8)

- (9)



Radiator
We may equate the electrical power produced by the alternator during
the shadow portion of the orbit to that which is demanded from this source

by the user (PBr)' This gives the quantity

mShc
P _ 1 (10)
PBr sh (T, - T )sh
na nth 3 2

where ﬁSh is gas flow rate during shadow period, na is alternator efficiency
(assumed to be identical in sun and shadow) and nig is thermodynamic system
efficiency in shadow. During the sun period, we may produce a similar

formulation but with a required additional term, giving

.S sh
mep e Per. fshy 1 1 (11)
= [1+( - =) ) =]
Pe Pe Pe ts nB S (T. - T )s
na Mentts 2
where: &° = gas flow rate during solar influx period
Pe = electrical output to user during solar flux
ch = electrical output to user during shadow
tsh = length of shadow period

t = length of sun period

ng = battery efficiency

]

cycle thermodynamic efficiency during solar flux.

The additional term in (1l1) arises from extra power that must be produced
during the sun period to charge batteries.
Consider the radiator with dimensions indicated in figure 1. With a

manifold such that the coolant is distributed evenly along the length of



the radiator, we can equate net power released .to space per unit area at
a station ¥ to the power given up by the radiator fluid at that station,

i.e.

2e0(T* - T, = = e o (12)

In (12), € is the radiator emmissivity, 0 the Stefan-Boltzmann constant

and TB an effective averaged background temperature. Rearranging (12)

G

and integrating with respect to y results in
ﬁRc Te
PR

L

dT

b _ mu
T, T " Tee

= 2c0H.

Normalizing T with respect to TBG gives

T8
% Tpe

2€e0T -
dz - — BG AR (13)
z¥ -1 ch

Pr

T
7
/TBG

where z = T/ and AR is the radiator area. Integration of the left side

Tse

of (13) results in

m_c T
Rp . _ 8/T
AR - — R (- l-1n z+ 1 _ l—tan 1z) BG (14)
3 4 z -1 2
2¢0T
BG T
7
/TBG
Dividing both sides by cycle power to the user and using (4a) we have
AR 1 me Ta T
5 = GG - vGEH] (15)
2¢0T BG BG

BG



where the definition of { follows by comparison with (14). For the sun

and shadow periods respectively, then, (15) becomes

S oS S S
m ¢ T T
;3 - —— 5D WG - VD ] (16a)
e ZeoTBG e BG BG
sh 1 ﬁShc T, sh T, sh
= G DONGE) -G ] (16b)
Br 2€GTBG Br BG BG

Component masses

The masses of the system components have been found per unit electrical
power to the user during the sun period.
To find collector mass, we start with a non-dimensionalized expression
for the solar thermal power input requirement,
Pin 1 1 tsh, TBr

= + sh ¢ t P

s
ncollnthna ncollnstnthna S €

t P
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S
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where for clarity common factors have not been collected. The first term
on the right in (17) is that thermal power arising from the electrical
requirements of the user during the solar flux period. The quantity Noll
refers to the collector efficiency, which accounts for losses from the
receiver opening as well as for those due to geometric and surface re-
flectivity flaws in the mirror. The second term in (17) refers to thermal

input required for the thermal energy storage system. The storage system



efficiency Ny, accounts for losses due to conduction out of and radiation
from the receiver. Finally, the last term is the extra thermal power
needed to charge batteries (if any) for use during the shadow period.

The mass of the solar collector (assuming an approximately flat

surface) is then given by

(18)

where ucoll is the collector mass per unit area, and S is the solar flux.

Thermal storage material and receiver mass are expressed as

M t P
t 1 h B

— = @Q+F_ ) > ( Pr> (19)
e st nstnthna €

where hS is the storage material heat of fusion and Fst is a factor to

f

account for the receiver. Battery mass is given by

t P P
Mgatt - aB ih ( e _ Br) (20)
e B e e

with op being the battery specific mass (kg/joule). For the regenerator

we have the expression

Mg B
L CAEE B F (21)

Note that the mass is proportional to the temperature rise of the gas
from the compressor. The quantities m and (T, - T,) are for the sun or

shadow period, depending upon which set produces the larger regenerator



mass. The quantity ureg is a mass parameter in kg/watt. Radiator mass,

for either the sun or shadow periods is given by

(22)

with Mg the mass per unit area. Finally, we set a fixed value for the

rotating equipment mass of

M
rot

P
e

= 1.5 kg/kW_ (23)

based upon our past work.[1,2]

Overall efficiency

To provide a basis for comparison of the two-temperature system with

conventional devices, we define an averaged system efficiency as

£ P+ tﬂhPeSh
= - (24)
C t P s

s th

3|
I

III. System Evaluation

Introduction

To minimize system cost and complexity, we treat the power system during
shadow as an off design version of that operating during solar flux. This
leads to two important problems: matching radiator area requirements during
sun and shadow and determining the off-design performance of the turbine/

compressor during the shadow period.
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Radiator .

As shown in equations (16a, b) we may generate separately radiator
area requirements for the sun and shadow periods. The most useful way of
considering the problem of matching these areas is graphically. Figure 2
shows a series of curves depicting shadow period specific area ARSh/PBr as
a function of radiator fluid exit temperature with turbine pressure ratio
as the parameter. Also indicated at several points along the curves are
shadow period thermal efficiencies (niﬁ's).

Suppose that we have arrived at a sun period radiator specific area

A;/Pe (This having resulted from an optimization of system mass with

sh

respect to sun period parameters and with an initial guess of .3 for nth')

Using a specified value for Pe/P we can plot the area as a straight line

Br
running across figure 2, Intersections with the curves represent shadow
period operating conditions for which sun and shadow radiator areas are
equated. The particular condition the system will run at in the shadow

is to be selected from among these intersections by the operating charac-

teristics of the turbomachinery.

Turbine/Compressor

Once a match has been made of radiator areas, we turn our attention
to the turbomachinery. TFor the present we assume that the turbine operates
at choked flow conditions during both sun and shadow and consider off-design
operation for the compressor only. We assume the use of centrifugal com-
pressors and turbines.

Figure 3 shows the performance map for a typical compressor of this

type operating in air., (It is realized that the curve shape will differ
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somewhat for a noble gas, but the main trends and relative positions

of important points are expected to be similar.) To use this, we would
draw a line across the diagram at the nominal (sun period) compressor
ratio. The intersection of this line with the locus of maximum compressor
efficiencies would then determine the corrected speed and (corrected flow)/
(reference flow) for the compressor at its design condition.

We make the a priori assumption of an 85% compressor design point
efficiency. With scaling of the map in figure 3 in the proportion of
assumed to map-given nominal efficiency, we can get an idea of what happens
at an off-design (shadow operations) point.

We start with the specification that alternator speed must remain
at the same level during sun and shadow periods in order to prevent
problems with AC loads. For each of the intersection points on the
radiator area graph described above, two corresponding points may be
plotted in figure 3. One of these points is for corrected speed, the other
for corrected flow. Where the lines for these quantities intersect deter-
mines the off-design operating point of the compressor.

The definitions of corrected speed and corrected flow (using the

notation of figure 1) are given respectively by

corrected speed = L (25a)
Ty
. ﬁﬂfg-
corrected flow = (25b)

s
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where w is the rotation rate. With the constant w condition we obtain

for a radiation area intersection point,

/(T )
- 0"design
(corrected speed)Off (corr. speed)design C (26)

design TO)Off
design

Similarly for corrected flow (actually (corrected flow)/(reference flow) for

the compressor), we obtain the off-design expression.

il
(corrected flow)off = (corr. flow) _Eéiikéiﬂﬁl
design design design
(To)ofﬁdes. (PO)design (27)
(To)design (Po)off
design

The choked turbine assumption can be stated for fixed geometry as

m/ m/T~3

28
P, )de51gn ( P, )ots (28)
desipgn
and we have by definition that
goideSi - - (“")d 1 <: F.)off design (29)
o) off esign g
design
combining the last two equations to substitute for (Po)design/(PO)off design
gives
(T.) .
- 3"design
(corrected flow)Off (corr.flow)design (Ta)off
design design
. (m )off design (To)off design (30)
-(Wc)de31gn (To)design




b
n

For off-design points that fall sﬁbstantially out of the area of the
compressor map in the figure, we may estimate the compressor efficiency by

an approximate form of Euler's equation:

v-1

wc -1
N (31)

(corrected speed)’

This must be multiplied by the map scaling ratio cited before to get the

estimate for the He/Xe compressor.

Summary of Calculation Procedure

Starting with an assumption of shadow period thermal efficiency of
30%, we match radiator areas using figure 2, whose curves were generated
with an assumed nih = ,85, With intersections from figure 2, we plot
corrected speed and flow on figure 3. The intersection of these curves,
using the estimation and scaling rules discussed above, gives a revised
value of nih. The matched radiator areas for this intersection gives a
revised value of ni: . The latter quantity may be used for an estiamte
of system mass.

To improve the mass estimate we use the revised nih to generate
(implicitly if not explicitly) new values for the curves of figure 2. New
radiator area matchings may the nbe made and again we can find the off-design
point using figure 3. We now revise the system mass using the value of

nih from the first revision. We may repeat the process as long as the

compressor graph accuracy permits.



Baselined Parameters

Baselined values for the parameters used are listed in table 1. These
are based upon the work of references one and two and the general turbo-
machinery literature. From a reconsideration of numbers in reference 1,

the value of F . was dropped from 1.2 used in reference 2 to 1.0.

Table 1: Baselined Parameters for System Evaluation

T*‘;’ = 1900°k, Tjh = 1500°k, T3 = 350°k
s = = = =
n. = .85, n, = .91, N1l = .81, No¢ .8, Ny .92, Ny .75
e, = ez = .9
ts 3

- ° = _— = — = 2

Tpe = 250°k, € 75— =7 s = 1400W/m
S
hfg = 9.4357 x 10°I/kg (for MgF,)
F,, = 1.0
—_— -5

Upare = 1.388 x 10 kg/J; areg = 3.22kg/kwt

2.1 kg/m? = 7.1 kg/m?

ucoll urad
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Results of Investigation

So far the optimization that has been considered is one with respect
to sun time pressure ratio, with no batteries and a constant power output
. sh
.e. > = =1).
(i.e P_ /Pe PBr/Pe )
Figure 4 shows a comparison of system masses as a function of compressor

h

. . . s
pressure ratio between first estimates (with n. = .85) and estimates with

revised nzh's. While the revised estimates produce higher system masses,
the difference is not large. The lowest mass system still occurs at about

m % = 4. TFor both the corrected and uncorrected systems, the regenerator

c
mass for shadow operations is larger than that for sun for ﬂcs = 3, 4 and 5.
This only means that the real regenerator effectivensss is actually
somewhat larger than .9 for the sun period.

Design and off-design points on the compressor map are shown in
figure 5 for the WCS = 4 condition. The off-design point was found with a
revised, scaled nzh of .823, Note that at off-design conditions, the
compressor is hugging the high efficiency range. A slightly better revised

nzh was found for ﬂcs = 3 and a slightly worse one at ﬂcs = 5.

In figure 6 we compare the two-temperature cycle results (with
revised nzh) to those for a one temperature (1650°k) system using silicon
heat storage. We also include the overall cycle efficiency ﬁ; for each.
At low values of pressure ratio, cycle efficiency is high in both systems,
due to the large contribution of the regenerator. This carries with it a
relatively large regenerator mass. Increasing pressure ratio drops the
system mass though the cycle efficiency is going down, because the re-

generator is going down in mass.

L s
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Figure 4: System Mass with MgF, Storage vs.
Compressor Pressure Ratio in Sun
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As pressure ratio continues to increase, the reduction in ﬁ; causes
system mass to again increase. In both systems this is due to an increase
in storage and collector requirements as shadow-period efficiency is going
down. The pressure ratio in shadow for the two temperature system goes up
asi'rrcs does.

A comparison of the approximate optima indicated in figure 6 is given
in Tables 2a, b. The order of the columns in Table 2a arises from the
design sequence: selecting peak temperature, pressure ratio and radiator
exit temperature in sun (T?, ﬂcs, Tj respectively) then attempting to
match radiator area in shadow by varying nzh and Tih.

The bottom radiator temperature in sun is 300°k, which arose from
the need to find a sufficient range of nzh values for which the radiator
areas in sun and shadow can be matched so that an intersection of
corrected flow and corrected speed would occur on the compressor map.

This low temperature should not pose a problem if a proper mixture of

Na and K is used for the radiator fluid (as shown in reference 2) as

long as the background temperature is at or above the 250°k average
assumed. However, since this is an average, there is a chance of freezing
of the radiator fluid, particularly during the shadow portiom of the
orbit. A way of avoiding this problem would be to use some other

fluid in the low temperature part of the radiator.

The shade period radiator bottom temperature is higher than that during
the sun. From another point of view we can éay-that at the off-design
point we have a less-efficient system than during sun. That would lead
to a larger radiator area unless we drop the sun period bottom radiator

temperature to compensate.

O e -
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The main difference between the systems is in heat storage, with about
twice the mass required for the MgF, system. This mainly arises from the
different heats of fusion, with a smaller effect from the different shadow
period cycle efficiencies.

At the same time, there is a slightly larger collector mass for the

system using Si storage, which may be attributed to the slightly smaller

value of nc.

SRUSR
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